Electrotonic coupling between pairs of sympathetic neurons dissociated from superior cervical ganglia of neonatal rats is rare when cells are cultured for 2 weeks in a nutrient medium plus serum and is common when cells are cultured for the same period in serum-free defined medium. This defined medium is the same nutrient medium with five added factors (progesterone, transferrin, putrescine, insulin, and selenium). When added singly to serum-containing medium, insulin and, to a lesser extent, selenium promote the development of electrotonic and dye coupling. The insulin effect is obtained with doses as low as 0.01 jag/nm and is maximal after exposures from 3 to 5 days. The incidence of electrotonic coupling is also enhanced by exposure of cells to dibutyryl cAMP. This effect is obtained with doses as low as 0.1 mM, is faster (being maximal at =12 hr exposure), and is prolonged in the presence of the phosphodiesterase inhibitor caffeine. Butyrate itself promotes coupling to a small extent, but cAMP involvement is confirmed by similar effects of other membrane permeant analogues. Endogenous levels of cAMP are significantly elevated in cultures grown in the defined medium but not in those in serum-containing medium to which insulin or selenium are added. We conclude that the promotion of coupling by cAMP and by insulin or selenium are independent.
involvement is confirmed by similar effects of other membrane permeant analogues. Endogenous levels of cAMP are significantly elevated in cultures grown in the defined medium but not in those in serum-containing medium to which insulin or selenium are added. We conclude that the promotion of coupling by cAMP and by insulin or selenium are independent.
The development of coupling in the defined medium thus seems to be a consequence of the addition of promoting substances (insulin, selenium) and the removal of an inhibitory effect of serum on cAMP levels.
Neuronal differentiation and specialization are influenced by the environment, so that the phenotype of a neuron may depend on the extracellular milieu (1) (2) (3) (4) . For example, it is now well established that neurons may alter the transmitters they synthesize and secrete, and thus alter their phenotypes, under appropriate circumstances (5) (6) (7) . Alteration of neurotransmitter expression in response to experimental alteration in the environment has been particularly well defined in neural crest-derived sympathetic and sensory neurons. For example, regions of the neural crest that normally give rise to cholinergic neurons can be induced to develop noradrenergic progeny by transplanting them into a region of the crest from which noradrenergic ganglia normally arise (8) . Conversely, sympathetic neurons that in vivo express predominantly noradrenergic characteristics become cholinergic when cultured in the presence of certain non-neuronal cells (5) .
Phenotypic modifiability is not restricted to choice of transmitter; it also involves other aspects of neuronal differentiation. For example, Higgins and Burton (9) found that embryonic sympathetic neurons cultured in a chemically defined serum-free medium become electrotonically coupled, a mode of synaptic transmission not normally utilized by sympathetic gangliaJ This observation was confirmed by Wolinsky et al. (10) . The cultured neurons continue to express noradrenergic characteristics, including tyrosine hydroxylase and dopamine f3-hydroxylase activities, norepinephrine synthesis, and dense-core vesicles (11) . They also continue to function as differentiated neurons, being excitable and responsive to exogenous neurotransmitters (9) . Consequently, the emergence of electrical coupling represents a highly specific change in the differentiation of neurons that retain most of their other characteristics.
Although electrotonic synapses have not been demonstrated in sympathetic ganglia in vivo (12) , electrotonic coupling and/or gap junctions are prevalent in a variety of neural crest derivatives (13) (14) (15) (16) (17) . Consequently, the potential to develop electrotonic synapses is apparently present in anlage of the sympathetic ganglia, although it is not normally expressed. The present study follows the observations of Higgins and Burton (9) and explores the factors responsible for development of electrical coupling between sympathetic neurons in culture. In particular, we report that cAMP, selenium, and insulin initiate formation of electrotonic synapses. cAMP apparently acts via a different mechanism than do insulin and selenium.
A preliminary account of this work is in press (18).
MATERIALS AND METHODS
Tissue Culture Techniques. Tissue from superior cervical ganglia (SCG) of neonatal Sprague-Dawley rats (CAMM) was dissociated within 12 hr after birth and grown as described on collagen-coated culture dishes (19) . Some cultures were placed in a serum-containing medium (SM) consisting of Ham's nutrient mixture F12/10% fetal calf serum/ nerve growth factor (100 ng/ml)/penicillin (50 units/ml)/ streptomycin (50 gg/ml). Other tissues were grown in a serum-free defined medium (DM) consisting of F12/transferrin (100 pg/ml)/putrescine (100 uM)/insulin (5 ,ug/ml)/progesterone (20 nM)/selenium (30 nM)/penicillin (50 units/ml)/ streptomycin (50 pug/ml)/nerve growth factor (100 ng/ml). Cultures were maintained at 370C in 95% air/5% CO2 at nearly 100% relative humidity. Ganglion non-neuronal cells were eliminated by treatment with cytosine arabinoside (5 ,uM) for 24 hr on days 2 and 4 of culture. Cell density ranged from 7000 to 11,000 neurons per 35-mm diameter dish with 1.5 ml of medium. a response was seen in either cell when current pulses were applied to the other cell sufficient to hyperpolarize it by 100 mV. Coupled cells also showed reciprocal transmission of electrotonic post-synaptic potentials. Typically, neuron input resistances were 10-40 MU (in one extensive experiment on cells in defined medium, mean input resistance from 64 cells was 12.71 ± 1.2 MU). The resolution of voltage measurement was <1 mV; if the cells were coupled at or near the somata, a coupling conductance of <1 nS would have been detectable. Intracellular recording from soma and major axon with two patch-clamp electrodes connected to voltageclamp and current-clamp circuits (cf. ref. 20) revealed that the space constant of the major portion of the cell was long compared to its length. Coupling through junctions near the somata was thus unambiguously assessed by application of the ir-T transform to input and transfer voltages obtained in response to currents passed in the two cell bodies (cf. ref. 21 ).
RESULTS

Electrotonic Coupling of Neonatal Sympathetic Neurons in
Culture. Since electrotonic coupling develops between embryonic SCG neurons cultured in a defined medium (9), we determined whether postnatal neurons couple under similar conditions. SCG neurons were dissociated from ganglia on the day of birth and cultured in SM or DM. After 2 weeks in vitro, pairs of neurons were common in the dishes (Fig. 1) , and the presence of electrotonic coupling between contiguous somata was assessed (Table 1) . Neurons grown in SM were rarely coupled. In contrast, >28% of neuron pairs cultured in DM were coupled. These studies demonstrate that SCG neurons from neonatal as well as embryonic ganglia rarely become coupled in the serum-containing media but commonly do so in the defined media.
To determine whether neurons cultured in SM retained the capacity to become coupled, SM was removed after 2 weeks and replaced with DM. Two days later the cultures were examined for the presence of coupling. More than 13% of neuron pairs were coupled under these circumstances (12 of 93 pairs; 2 dishes), indicating that exposure to serum does not abolish the capacity of these neurons to become coupled in the appropriate environment.
Active Ingredients in the Defined Medium. Two possible hypotheses account for the observation that neurons cultured in DM coupled electrically, whereas neurons grown in SM did not. First, one or more of the ingredients of DM might promote coupling. Second, serum might inhibit coupling. To test the first hypothesis, each of the five primary additives in DM (insulin, progesterone, transferrin, putrescine, and selenium) was added individually to 2-week-old cultures in SM. These cultures were examined after 2-3 days to determine whether coupling was present.
Putrescine (100 uM), transferrmn (100 gg/ml), and progesterone (20 nM) did not cause significant coupling, but cou- (Fig. 3) . Insulin promoted coupling even at concentrations as low as 0.01 ,g/ml. Maximal incidence of coupling occurred at 1-10 ,g/ml (-20% of pairs). The dibutyryl cAMP (Bt2cAMP). Within 4 hr of treatment, coupling appeared and >30% of neuron pairs were coupled within 12 hr of exposure to 1 mM Bt2cAMP (Fig. 4) . The percentage of neurons coupled decreased thereafter, possibly reflecting metabolism of the drug, and only 3% were coupled 48 hr after treatment. Addition of the phosphodiesterase inhibitor caffeine along with Bt2cAMP prolonged the period of coupling, so that >10% of the pairs were coupled 72 hr later (Fig. 4) . A similar prolongation of coupling was obtained with isobutylmethylxanthine (not shown). Caffeine (or isobutylmethylxanthine, data not shown) added alone also caused neurons to couple, but to a lesser degree (Fig. 4) .
Bt2cAMP is widely used to achieve membrane permeation of cAMP, but it possesses two moeities: cAMP and butyrate. Butyrate is liberated by intracellular hydrolysis (as are protons; cf. ref. 24) , and since it has profound effects on some aspects of neuronal metabolism (25) (26) (27) , we sought to determine whether butyrate was responsible for some or all of the effects of Bt2cAMP. Indeed, treatment with butyrate resulted in an increase in coupling at 12 hr (12% of pairs). Little coupling was observed at 24 hr or thereafter, however (Fig.  4) To examine the relationship between the dose of cyclic nucleotide and the development of coupling, neurons grown in SM were exposed to various concentrations of Bt2cAMP for 12 hr. The percentage of coupled neurons was increased even with low doses of Bt2cAMP, and >20% of pairs were coupled at concentrations higher than =1 mM (Fig. 5) .
Relationship Between Insulin and cAMP Effects. To determine whether the development of coupling produced by insulin or selenium might be mediated through an increase in cytoplasmic cAMP, levels of endogenous cAMP were measured after treatment with these additives. In addition, cAMP levels were measured in control cultures grown in SM and in cultures grown in defined medium (Fig. 6 ). Treatment with insulin or selenium in SM did not increase neuronal levels of cAMP above those in SM alone (=0.02 fmol of cAMP per neuron). This result suggests that cAMP does not mediate the effects of insulin or selenium. By contrast, neurons cultured in DM contained significantly more cAMP than those in SM (>0.04 fmol per neuron), suggesting that insulin, selenium, and cAMP are all involved in the development of coupling in DM.
Increased 1-7) . The present studies suggest that yet another neuronal capability, the formation of electrotonic synapses, depends on the environment, and that specific chemical signals may govern the extent to which neurons are electrically coupled.
cAMP and Electrotonic Coupling. Exposure of sympathetic neurons to any of several membrane-permeable cAMP derivatives resulted in rapid formation of electrotonic synapses. Treatment with phosphodiesterase inhibitors that would increase endogenous cAMP also increased electrotonic coupling. These observations suggest that intracellular cAMP stimulates electrotonic synapse formation by sympathetic neurons. The effect of cAMP on SCG neurons is not confined to the promotion of electrotonic coupling. For example, cAMP increases levels of enzymes required for catecholamine synthesis in these cells (25, (29) (30) (31) and tends to suppress cholinergic differentiation. It is not known whether normal environmental stimuli sufficiently increase cytoplasmic cAMP levels to cause development of both noradrenergic traits and electrotonic coupling, but it is intriguing to speculate that the same stimulus might enhance development of both chemical and electrical communication by these neurons.
Insulin and Electrotonic Coupling. Insulin, like cAMP, promoted formation of electrotonic synapses in culture, but several lines of evidence suggest that the two factors foster electrical coupling by different mechanisms. Insulin treatment did not increase endogenous levels of cAMP, and the time course of the effects of the two agents differed strikingly; cAMP treatment led to rapid (peak at 12 hr) but short-lived emergence of coupling, whereas insulin-induced coupling developed more slowly (peak at 72 hr) and persisted much longer. Moreover, insulin treatment did not produce the other changes in neuronal function elicited by cAMP, such as increased tyrosine hydroxylase (unpublished observation).
Proc. Nad Acad Sci. USA 81 (1984) Proc. NatL Acad2 ScL USA 81 (1984) 6239 Defined Medium and Electrotonic Coupling. Two of the ingredients of DM, insulin and selenium, promoted electrotonic synapse formation when added to SM. Consequently, these factors are apparently responsible for some of the coupling between neurons cultured in DM. However, cAMP also promoted coupling, and neurons grown in DM contained significantly higher cAMP levels than neurons cultured in the presence of serum. Thus an increase in endogenous cAMP is likely to contribute to development of coupling observed under serum-free conditions. Since insulin and selenium do not increase cAMP when added to SM, some other factor must be responsible for the difference in nucleotide levels in SM and DM cultures. Serum suppresses cAMP levels in cultures of some non-neuronal cells (32) (33) (34) (35) , and the deletion of serum may be responsible for the increase in cAMP levels. Consequently, electrotonic synapse formation in the DM may result both from the addition of insulin and selenium and from the deletion of serum.
Relevance to Function in Vivo. Electrotonic synapses have not been demonstrated in sympathetic ganglia in vivo (cf. ref. 12) , and it is possible that the formation of coupling in vitro represents altered differentiation related to tissue culture conditions. However, even in culture, sympathetic neurons did not form electrotonic synapses except in response to insulin, selenium, or cAMP; consequently, failure to find such coupling in normal intact ganglia is not surprising. Alteration of the neuronal milieu in vivo, however, might lead to the formation of electrotonic synapses and such a phenomenon could play a role in disease processes. Consequently, it will be important to determine whether stimuli that promote electrotonic coupling in vitro also occur and are effective in the intact organism.
